I. The first group consists of predictive D P (ε) models based only on ε. The first ε-based models were
Among the numerous models within this group are the Millington and Quirk (1960) model, as re-introduced by Jin and Jury (1996) , and the S oil gas diffusivity and its dependency on ε and Millington and Quirk (1961) model that is almost soil type (texture, structure, horizon, management) universally accepted and applied in vadose zone control gas transport and fate in natural, undisturbed transport and fate models to describe both gas soil systems where diffusive gas transport is normally and solute diffusivity. The frequent use of the dominant compared with convective gas transport. Ac- Millington and Quirk (1961) model is noteworthy curate predictive models for D P are needed to evaluate since the model has never been validated against for example soil aeration (Buckingham, 1904; Taylor, gas diffusivity data for undisturbed soils repre-1949), the diffusion and emission of fumigants at soil senting a broad interval of soil types and porofumigation sites (Call, 1957; Jin and Jury, 1995) , the sities. diffusion and volatilization of organic chemicals from III. The models in the third group use the SWC as polluted soil sites (Petersen et al., 1996) , and the diffuan additional input to take into account soil type sion and biodegradation of greenhouse gases such as effects on gas diffusivity. ) methane (Kruse et al., 1996 . Numerous predictiveintroduced the Campbell SWC parameter b as descriptive models for D P as a function of ε are available the third model parameter, together with ε and and may be divided into six groups:
⌽, in D P (ε) models. Since gas diffusivity in sieved, repacked soil is essentially soil type independent (Moldrup et al., 2000a (Moldrup et al., , 2001 ), Campbell's b is P. Moldrup, Environmental Engineering Section, Dep. of Life Sciconsidered an index to describe the effects of ences, Aalborg University, Sohngaardsholmsvej 57, DK-9000 Aalborg, Denmark; T. Olesen, City and Environment Section, Aalborg local scale heterogeneities in bulk density and ε Municipality, Vesterbro 14, DK-9000 Aalborg, Denmark; S. Yoshion bulk soil D P (ε) (Moldrup et al., 2001 Campbell (BBC) model. Moldrup et al. (2000b) not useful for predicting D P (ε). Looking at the first three groups (I-III) containing predictive, low-parameter further introduced the air-filled porosity at Ϫ100 cm H 2 O of soil-water matric potential to D P (ε) models, one can conclude that there is an obvious lack of simple, predictive models that on one hand take describe soil structure effects on gas diffusivity. IV. The fourth group of models consists of generalinto account soil type differences for undisturbed soils but on the other hand do not require knowledge of the ized power law models that introduce additional, entire SWC curve. empirical model parameters and thereby can proSince the entire SWC curve is normally not available vide a good fit to D P (ε) data within the ε interval or too time-and cost-consuming to measure in most where measurements are available. The most frevadose zone gas transport and fate studies, the objective quently used within this group is the Troeh et al.
of the present study was to develop an accurate, pre-(1982) model where two additional fitting paramdictive D P (ε) model for undisturbed soil based on a eters are introduced. The Troeh et al. (1982) reduced SWC input requirement. Since only limited model was successfully used in several studies to data for gas diffusivity measured on undisturbed soil fit and subsequently represent measured D P (ε) samples are available, an additional goal was to present data in gas transport and fate models (Petersen D P (ε) data for differently managed, undisturbed soils et al., 1994, 1996) . Although one of the Troeh et from Brazil and Japan, and test the predictive D P (ε) al. (1982) model parameters can be interpreted models against the new data together with D P (ε) data as the air-filled porosity where gas diffusion ceases for undisturbed soils from the literature. due to interconnected water films (creating blocked pore space), no relationships between the Troeh et al. (1982) model parameters and soil physical MATERIALS AND METHODS properties have been identified. The model at presSoils and Measured Data ent is descriptive rather than predictive .
Soil-water retention and soil gas diffusion coefficient as a function of soil-water matric potential were measured for 17 V. The fifth group consists of two-or three-region Brazilian and Japanese soils. A small part of the data have D P (ε) models that partition the pore space into, been presented in Japanese and Brazilian proceedings (Osofor example, easily accessible, difficult accessible, zawa, 1987 , 1998 Osozawa and Resck, 1994) but not published and nonaccessible pore space; also labeled artein international literature before. The measurements were compost, only one sampling depth (45-50 cm) within retention and gas diffusivity were low (standard deviations Ͻ0.02 in relative soil gas diffusivity and Ͻ0.02 the B horizon was used. For the field plots with compost, the compost had been added for 3 yr at 20 Mg m 3 m Ϫ3 in volumetric water content for closely spaced samples), and mean values of air-filled porosity and ha Ϫ1 yr Ϫ1 , and soil samples were taken three months after the latest addition of compost. Since local-scale gas diffusivity at each matric potential were used when evaluating water retention and gas diffusivity models. variations in both water retention and gas diffusivity were low (standard deviations Ͻ0.025 in relative soil gas diffusivity and Ͻ0.02 m 3 m Ϫ3 in volumetric water
Measurement Methods
content) and comparable with the study of their Fig. 1) , mean values of air-filled porosity Soil-water retention was measured by the method of Klute and gas diffusivity was used for the six closely spaced (1986) . The intact soil cores (100 cm 3 sample volume) were soil samples at each soil matric potential (pF value). saturated in sand boxes and were subsequently drained to the Differences in gas diffusivity and soil water characterisdesired matric potentials () using a hanging water column tics between samples within the A horizon at each plot ( Ն Ϫ30 cm H 2 O; pF 1.5) or a pressure plate apparatus ( Ͻ were small so samples at the 5-to 10-and 15-to 20-cm Ϫ30 cm H 2 O). After each drainage step, gas diffusivity was depths are considered to represent a single soil layer. measured on the samples, using the same method as applied The same is the case for the B horizon (Table 1) .
by Moldrup et al. ( , 2000a Moldrup et al. ( , 2000b Moldrup et al. ( , 2003 . The experimental (ii) Seven Yellow soils (Dystrudepts) from Toyohashi, Aiset-up (diffusion chamber) was first suggested by Taylor (1949) . chi prefecture, Honshu (mainland Japan): About 47% Soil-gas diffusion was measured at 20ЊC. Oxygen at atmoof the upland fields in the Aichi prefecture are Yellow spheric concentration was the tracer gas and analyzed as a soils (ICSS, 1990) . Gas diffusivity and water retention function of time in the diffusion chamber. In brief, the diffuwere measured on undisturbed samples at eight matric sion chamber was flushed with 100% N 2 after which the upper potentials between Ϫ10 and Ϫ15 000 cm H 2 O (pF ϭ end of the soil core was exposed to the atmosphere. Oxygen 1.0, 1.5, 1.8, 2.0, 2.5, 3.0, 3.5, and 4.2). The soils were was measured in the diffusion chamber with an oxygen elecclayey (around 40% clay) with kaolinite, mica, and trode. Oxygen consumption in the soil core could be considvermiculite as the dominating clay minerals. Organic ered negligible during the short periods (minutes to a few hours C content was 0.5% in the topsoil and decreased with depending on matric potential) needed to measure the soil depth. The Yellow soils were less structured (less aggregas diffusion coefficient at each matric potential (Moldrup et gated) compared with the dark-red Latosols. The main al., 2000a The main al., , 2000b Rolston and Moldrup, 2002) . The soil gas crops in the sampling area were Japanese vegetables. diffusion coefficient was calculated by the method of Currie Undisturbed, 100-cm 3 soil samples were taken at the (1960), also following Rolston and Moldrup (2002, p. 1114-0-to 18-, 18-to 36-, and 36-to 70 -cm layers at a field 1121). where the soil tillage was by ultra-deep plow (effective until 1-m depth), and at the 0-to 13-, 13-to 20-, 20-to Models 27-, and 27-to 60-cm soil depths at a neighboring field where normal plowing was used. The layer at the 13-to
The measured soil-water retention data were described by 20-cm depth appeared compacted (likely a plow pan).
the Campbell (1974) SWC model (Eq.
[1]). Samples were taken in the middle of each layer. As for the Latosols, local-scale variations in both water
where is the matric potential (cm H 2 O), e is the matric potential at air-entry (cm H 2 O), is the volumetric water ), and b is the Campbell pore-size distribution parameter (b Ͼ 0). Campbell b was found as the slope of the SWC curve where ln represents the base e logarithm, and k is the number in a log()-log(Ϫ) coordinate system. of model parameters. The value of k equals 1 for the Penman The measured gas diffusivity data were compared with three (1940) D P /D 0 model (based on only ε), k ϭ 2 for the Millington soil-type independent and two soil-type dependent prediction and Quirk D P /D 0 models (based on ε and ⌽), and k ϭ 3 models (Eq. [2]-[6]). The most frequently used soil-type indefor the soil-type dependent D P /D 0 models. Smaller (or more pendent gas diffusivity models are the equations suggested by negative) AIC indicates better model performance (Minasny Penman (1940) 
els. (i) The first data set is from Moldrup et al. (2000b) and references therein, and represents 21 differently textured Eu-
ropean soils, including seven Dutch soils from Freijer (1994) . It is noted that the data from Freijer (1994) were reduced to where D P is the gas diffusion coefficient in soil (m 3 soil air D P (ε) measurements at six different ε values for each soil, by m Ϫ1 soil s Ϫ1 ), D 0 is the gas diffusion coefficient in free air (m 2 taking mean values at six different matric potentials. Thereby, air s Ϫ1 ), ε is the volumetric soil-air content (air-filled porosity; approximately the same weight for each soil in the statistical m 3 soil air m Ϫ3 soil), and ⌽ is the soil total porosity (m 3 m Ϫ3 ). analysis was ensured (Moldrup et al., 2000b) . Values of b and Moldrup et al. (1999) suggested the so-called BBC soil-type ⌽ for the 21 European soils are mostly low (typically below dependent gas diffusivity model, 10 and below 0.55, respectively).
(ii) The second data set is
for the 17 soils from the present study (Japan and Brazil) with [6] matric potential can be described by the empirical equation developed by Moldrup et al. (2000b) , that is,
Statistical
Analyses D P /D 0 ϭ 2ε 100 3 ϩ 0.04ε 100 at ε ϭ ε 100 [11] Three statistical measures were used to evaluate and com-(iii) Relative gas diffusivity can be described by a single powerpare the predictive gas diffusivity models. To evaluate average law function in the entire ε interval, that is, prediction uncertainty in D P /D 0 for each combination of model
and data set, RMSE of prediction was used, where Eq.
[12] obeys Eq.
[10] at air saturation (ε ϭ ⌽), and where X is a tortuosity-connectivity parameter. To find X,
the right-hand side of Eq.
[12] is set equal to the right-hand side of Eq.
[11] at Ϫ100 cm H 2 O of soil-water matric potential where d i is the difference between the predicted and the mea-(ε ϭ ε 100 ), yielding, sured value of relative gas diffusivity (D P /D 0 ) at a given air-⌽ 2 (ε 100 /⌽) X ϭ 2ε 100 3 ϩ 0.04ε 100 [13] filled porosity (i.e., at a given matric potential), and n is the number of measurements in a given data set. The bias was Hence, the tortuosity-connectivity parameter (X ) can be used to evaluate model overestimation (positive bias) or unfound from, derestimation (negative bias) of measured D P /D 0 data,
where log represents the base 10 logarithm. The new D P (ε) model, Eq.
[12] and [14], predicts gas diffusivity as a function of three porosities, the actual ε, the ⌽, and the ε 100 , and is To also account for the number of model parameters when comparing model performance for a given data set, Akaike's therefore termed the TPM. The value of ε 100 can be found as the difference between the soil total porosity and the volumetric information criterion (AIC) was used (Akaike, 1973; Carrera and Neuman, 1986; Hwang et al., 2002) , soil-water content at Ϫ100 cm H 2 O of matric potential or, SOIL SCI. SOC. AM. J., VOL. 68, MAY-JUNE 2004 alternatively, be measured directly on an undisturbed soil samcontents. In perspective, a more mechanistically based model for gas diffusivity at Ϫ100 cm H 2 O of soil-water matric potenple drained to Ϫ100 cm H 2 O of matric potential using a gas pycnometer. tial (ε ϭ ε 100 ) is needed to further evaluate the predicted behavior of the TPM tortuosity-connectivity parameter, X, At first glance, the expression for the TPM tortuosityconnectivity parameter X (Eq. [14]) including two logarithmic as a function of macro and total porosities (Fig. 1) . terms may appear slightly complicated and could be expected to yield nonrealistic values of X at given combinations of ε 100
RESULTS AND DISCUSSION
and ⌽. This is tested in Fig. 1 for a broad seven Yellow soils are shown in Fig. 2 . Generally, the gas diffusivity in most undisturbed soils (Moldrup et al., 2001 ences between soil with and without compost amendfilled porosity squared, which has been shown to well predict ments were observed, with the compost-amended soils relative gas diffusivity in dry soil (Moldrup et al., 1999) . When typically retaining more water (higher average ) at a the soil is wet, the water causes a change of the pore shape given matric potential (Table 1) . Therefore, the comand configuration of air-filled pores, which causes increased post-amended soils yielded higher Campbell b values tortuosity and lower pore connectivity for gas transport (Pa-(b between 9 and 11) compared with the soils that had pendick and Runkles, 1965; Moldrup et al., 2000a) . Thus, the Buckingham model will typically overestimate gas diffusivity not received compost (b between 7 and 9). Overall, the in wet soil (Moldrup et al., 1999) , and the rate of decrease in fitted values of Campbell b varied between 7 and 11 for gas diffusivity with decreasing air-filled porosity should be the Latosols, and 8 and 23 for the Yellow soils. The more pronounced in the wet soil than in the dry soil case values of e were typically around or above Ϫ10 cm (Moldrup et al., 2000a) , in agreement with values of X Ͼ 2 H 2 O and are not provided for each soil as this parameter (Fig. 1) . The difference in X values for different soils is likely is not included in the SWC-dependent gas diffusivity explained by that the differences in pore-size distribution and models. Since the simple two-parameter Campbell soil structure create different pore connectivities at the same model mostly provided good fits to the measured SWC air-filled porosity. Examining the X-term (Eq. [14]) suggests that the ratio of volumetric content of larger soil pores (ε 100 ) to the total porosity (⌽) may largely govern this pore connectivity. Hence, when the soil-water content decreases, the relative amount (volume) of larger, arterial pores may be essential for establishing the increased connectivity between air-filled pore spaces that previously were fully or partly inactive (blocked or partly surrounded by water films) at higher water data (Fig. 2) and the predictive gas diffusivity models diffusivities for the 17 Yellow soils and Latosols. Generally, the Yellow soils exhibited lower relative gas diffu-(Eq.
[5] and [6] ) are based on Campbell b, multiparameter SWC models were not considered.
sivities at a given matric potential as compared with the dark-red Latosols (see also data for relative gas Fig. 3a through 3m show the measured relative gas diffusivities at pF 1.8 in Table 1 ), due to higher soilboth predictive models (not shown). Only D P (ε) model predictions with input parameter values for soil without water retention and lower air-filled porosities. Very low relative gas diffusivities were observed at all matric pocompost amendment are shown, since model predictions with input parameter values for soil with compost tentials at the 20-to 27-cm depth for the normal-plowed (NP) soil (Fig. 3d) . This suggests the presence of a plow amendment gave very similar results (deviation between model-predicted relative gas diffusivities Ͻ0.01). pan that would likely cause a significant decrease in soil aeration potential. However, we acknowledge that gas Since the data from this study mainly represents finely textured soils, it is also interesting to compare model diffusivity measured on a bulk soil sample may not by itself adequately describe oxygen supply to plant roots performance for soils spanning a broader soil texture interval. Figure 3n through 3p shows TPM and BBC and soil microorganisms, as indicated by a lack of correlation between relative gas diffusivity and oxygen diffumodel predictions for three Dutch soils from Freijer (1994) . Sample scale and measurements method are sion rates (ODR) (e.g., Feng et al., 2002) , and the localscale (within-sample) variability of ODR measurements comparable with the ones used in this study, as discussed by Moldrup et al. (2000b) . Both models gave similar (Logsdon, 2003) . In addition, oxygen diffusion coefficients in the soil-air and soil-water phases will both and adequate predictions for both the sandy, silty and clayey soils (Fig. 3n-3p) , with the exception of the two play an important role with respect to aerobic microbial activity (Schjønning et al., 2003) . Thus, the TPM and gas diffusivities measured on air-dry, clayey soil ( Fig. 3p ; at ε close to 0.6) where the models largely overpredicted other predictive models for relative gas diffusivity should not be used alone but in combination with other measured
Expanding the model test, Fig. 4 shows a test of five types of measurements to evaluate soil aeration potential.
The test of the new TPM (Eq.
[12] and [14]) for predictive D P (ε) models against three data sets. Root mean square error of prediction (Eq.
[7]), bias (Eq.
[8]), predicting D P (ε), against measured data is shown in Fig. 3 . Also shown are predictions by the BBC model, and AIC (Eq.
[9]) are shown for each combination of model and data set in Fig. 4 . Eq. [5] , that is the closest rival to the TPM. The difference is that the BBC model requires a Campbell b value, The Millington and Quirk (1961) model, Eq.
[4], visually provided better predictions for the sandy European typically found from several points on the SWC between Ϫ10 and Ϫ3000 cm H 2 O, while the TPM only requires soils (with Campbell b Ͻ 6; closed symbols in Fig. 4a ) compared with the loamy and clayey European soils an ε 100 value corresponding to only one point on the SWC. It could be argued that the Campbell b value (open symbols in Fig. 4a ). This was expected since the model was originally derived for a porous medium with could instead be estimated from soil texture (Moldrup et al., 1999) but detailed soil texture information are randomly distributed particles of uniform size, thus, mostly resembling coarse sandy soils. The model showed not always available (e.g., for none of the soils in this study) and it is much less involved to measure ε 100 than increasing tendency for underprediction (negative bias) at higher soil total porosities ( Fig. 4b and 4c ). For the to carry out a complete soil particle-size analysis.
The two D P (ε) models well predicted measured gas higher-porosity Andisols and Gray-lowland soils, the model underpredicted all measurements in the data set diffusivities for the seven Yellow soils depicted in Fig. 3a  through 3g , including the top layers at both tillage treat- (Fig. 4c) . Thus, the widely used Millington-Quirk (Millington and Quirk, 1961) model is not valid across soil ments with high gas diffusivities and high macro and total porosities (Fig. 3a and 3e ) and the plow sole in types and porosities. The Millington and Quirk (1960) model, Eq. [3] , genthe normally plowed field with very low gas diffusivities, low macroporosity, and low total porosity (Fig. 3d) . The erally overestimated the measured gas diffusivities for all soil types ( Fig. 4d-4f ). For example, Eq.
[3] overprelargest deviation between model-predicted and measured relative gas diffusivity (D P /D 0 ) was 0.03 for the dicted all measurements for the Yellow soils and Latosols in this study (Fig. 4e) . The tendency for overpretop layer of the ultra-deep plowed Yellow soil at high air-filled porosities (Fig. 3a) ; otherwise deviations were diction is evident also at low relative gas diffusivities (Ͻ0.02-0.05) where gas diffusivity likely becomes limmostly Ͻ0.015.
The TPM and BBC models also gave similar prediciting for soil aeration (Glinski and Stepniewski, 1985) . The Penman (1940) model, Eq.
[2], largely overestitions (deviation between model-predicted relative gas diffusivities typically Ͻ0.015) for the Brazilian dark-red mated gas diffusivities for all 60 soils in the three data sets (not shown). The Penman (1940) model yielded Latosols. Figure 3h through 3m shows predictions and data for a selected depth within both the A-horizon and values of RMSE between 0.095 and 0.109, bias between 0.097 and 0.100, and AIC between Ϫ167 and Ϫ296, B-horizon. All three tillage treatments (no-plow, heavy disk harrow, disk plow), and both soils with and without clearly providing the worst model performance among the six models tested. compost amendments for the heavy disk harrow and disk plow treatments are represented. The disk-plow Overall, the Penman (1940) and Millington and Quirk (1960) D P (ε) models are not recommended for use in treatment without compost represented the least accurate model predictions among the 17 soils, with a deviagas transport and fate models representing natural, undisturbed soil systems. The Millington and Quirk (1961) tion between model-predicted and measured relative gas diffusivity (D P /D 0 ) of 0.03 to 0.05 (Fig. 3j) . The model may often provide reasonable predictions for more sandy and lower porosity soils but cannot be reasons for this are not clear and the results for the 15-to 20-cm depth were in much better agreement with trusted across soil types and porosities. The AIC values for the three soil-type independent D P (ε) models were model (Eq.
[5]), the original macroporosity (ε 100 ) dependent model (Eq.
[6]), and the new TPM (Eq.
[12] and much higher than for the three soil-type dependent models so the use of a soil-type dependent gas diffusivity [14] ), all gave reliable predictions (RMSE Ͻ 0.03, bias between 0 and Ϫ0.01) across soil types and porosities model is strongly recommended.
The three soil-type dependent D P (ε) models, the BBC ( Fig. 4g-4o ). However, a small tendency for model un-SOIL SCI. SOC. AM. J., VOL. 68, MAY-JUNE 2004 performed best (overall lowest AIC and RMSE and least tendency to general over or underestimation) but could not provide reliable predictions across soil types and total porosities. Only soil-type dependent D P (ε) models were capable of giving realistic predictions of gas diffusivity in undisturbed soils across soil types. Both SWC-dependent models recommended in Rolston and Moldrup (2002) , Eq.
[5] and [6], gave reliable predictions, even when tested for a wider range of soil types and total porosities.
The new TPM that requires only one measurement point on the SWC also offered reliable predictions of D P (ε) in undisturbed soils, with AIC and average prediction accuracy in between those of the two other SWCdependent models. For cases where detailed SWC information are not available, the TPM (Eq.
[12] and [14] ) is therefore recommended for use in gas transport and fate models for undisturbed soil systems. Council, Research Talent Project entitled: "New methods for measuring and predicting liquid and gaseous phase transderestimation (small, negative bias) was seen for eight port properties in undisturbed soils", Grant 5P42 out of the nine test cases (Fig. 4g-4o ). The minor de- macroporosity (ε 100 ), is more defined by the larger, arteCarrera, J., and S.P. Neuman. 1986. Estimation of aquifer parameters rial pores that to some extend will dominate diffusive under transient and steady state conditions: 1. Maximum likelihood incorporating prior information. Water Resour. gas transport (Arah and Ball, 1994) . All X values are Collin, M., and A. Rasmuson. 1988 . A comparison of gas diffusivity between 2 and 3, confirming the initial model analysis models for unsaturated porous media. Soil Sci. Soc. Am. J. 52:
in Fig. 1 
